Monitoring the physiological effects of biological mediators on vascular permeability is important for identifying potential targets for antivascular leak therapy. This therapy is relevant to treatments for pulmonary edema and other disorders. Current methods of quantifying vascular leak are in vitro and do not allow repeated measurement of the same animal. Using an in vivo diffuse reflectance optical method allows pharmacokinetic analysis of candidate antileak molecules. Here, vascular leak is assessed in mice and rats by using the Miles assay and introducing irritation both topically using mustard oil and intradermally using vascular endothelial growth factor ͑VEGF͒. The severity of the leak is assessed using broadband diffuse reflectance spectroscopy with a fiber reflectance probe. Postprocessing techniques are applied to extract an artificial quantitative metric of leak from reflectance spectra at vascular leak sites on the skin of the animal. This leak metric is calculated with respect to elapsed time from irritation in both mustard oil and VEGF treatments on mice and VEGF treatments on rats, showing a repeatable increase in leak metric with leak severity. Furthermore, effects of pressure on the leak metric are observed to have minimal effect on the reflectance spectra, while spatial positioning showed spatially nonuniform leak sites. © 2009 Society of Photo-Optical Instrumentation Engineers.
Introduction
The vascular endothelium is not a simple, passive barrier to the passage of soluble and cellular blood components, but instead is subject to highly active and tightly regulated biological control. Under pathological conditions, barrier function may become compromised, leading to vascular leakage and concurrent tissue edema and inflammation. A number of inflammatory mediators affect the function of the vasculature, including vasoactive amines ͑e.g., histamine, serotonin͒, vasoactive peptides ͑e.g., substance P, CAP37͒, complement fragments ͑e.g., C3a, C4a, C5a͒, and lipid mediators ͑e.g., eicosanoids͒. [1] [2] [3] The mediators exert complex effects includ-ing vascular permeability, vasodiliation, or vasoconstriction. Whereas increased vascular permeability may be a physiological accompaniment of normal host defense such as during wound healing, it can also be detrimental by providing easy access for tumor cell invasion of the bloodstream. The requirement of neovascularization for tumor progression has, in fact, led to several inhibitors of angiogenesis being evaluated as antitumor effectors. 4 Diseases such as pulmonary edema, myocardial and cerebral infarction, diabetic retinopathy, and cancer metastasis all may benefit from the control and inhibition of vascular leak. 5, 6 In fact, vascular permeability factor ͑VPF͒ was originally identified as a tumor-associated protein capable of causing vascular leakage. 7 This protein was later shown to be identical to vascular endothelial growth factor ͑VEGF͒, so named because, in addition to its ability to cause vascular leak in vivo, it stimulated the growth of endothelial cells in culture. 8 VEGF induces formation of small pores, or fenestrations, in the thin endothelial cell cytoplasm, which is responsible for the passive transport of solutes and small proteins. 9 Leakage of larger proteins are due to junctional gaps between juxtaposed endothelial cells exposed to VEGF. 6 Molecular mediators of endothelial permeability such as VEGF and other potential downstream signaling molecules are excellent targets for antivascular leak therapy. 6, 10 Alternatively, excess vasoconstriction is a significant aspect of the pathophysiology of diseases such as hypertension, renal failure, preeclampsia, and respiratory distress during episodes of asthma and emphysema. [11] [12] [13] [14] The Miles assay is the most commonly employed in vivo indicator assay of vascular permeability. 15 This assay detects extravasation of an intravenous injection of a dyed, radiolabeled, or fluoreseinated tracer protein such as albumin from the blood stream of a small animal to local sites in the skin where a permeability factor has been introduced intradermally. The lack of a method for quantifying vascular leak in an in vivo system, which in turn allows for repeated measurements on a single animal, restricts our basic understanding of the pathophysiology of vascular tone and hampers the pharmacokinetic analysis of lead molecules targeting endothelial function. This limitation is because the Miles assay is quantified primarily by observation, planimetry, or tissue extraction, although digital image analysis has more recently been studied. 16 The former methods are inherently limited by imprecision or by restriction to a single measurement in time, and are particularly difficult in intradermal studies where tissue extraction is less precise.
The present study demonstrates the feasibility of broadband visible diffuse reflectance spectroscopy in conjunction with the Miles assay to establish a quantitative parameter correlated with vascular leak. Diffuse reflectance signals are collected using a visible spectral regime fiber optic reflectance probe coupled with broadband visible illumination to interrogate the degree of optical absorption in tissues of interest. Similar processes have been used in tissue analysis to characterize melanomas 17 or quantify erythema 18 and jaundice. 19 This noninvasive procedure is reproducible and can be used to acquire repeated measures over time, allowing for pharmacokinetic analyses. Verification of this procedure was performed using both topical application of mustard oil and intradermal injection of recombinant VEGF into mice or rats to elicit vascular leak.
Methods

Rodent Preparation and Injection
Rats and mice were treated with both topical and injected irritants and controls over the course of this study. Fisher-344 rats ͑160 to 180 g; VAF-plus; Charles River Laboratories, Wilmington, Massachusetts͒ or BALB/c mice ͑ϳ25 g; Charles River Laboratories͒ were housed in barrier cages and fed rat chow and water ad libitum. Rats and mice were both used to examine utility under differing skin properties, specifically the difference in tissue diffusion. Leak spots in mice tended to be more diffuse and nonuniform while leak spots in rats tended to be more localized and uniform. VAF-plus rats and mice were certified free of common rat pathogens by the supplier and were monitored by Brown University/Rhode Island Hospital veterinary personnel. All animal studies followed current National Institutes of Health ͑NIH͒ guidelines for the use of laboratory animals and were performed according to Institutional Animal Care and Use Committee-approved protocols.
Vascular leak events are enhanced for measurement through the Miles assay, requiring preinjection of serum albumin conjugated with blue dye. Animals were anesthetized with 3% Isoflurane and shaved prior to intravenous injection with Evans blue dye-conjugated bovine serum albumin as a 2% saline solution. 10 Optical absorption spectra of Evans blue dye is shown in Fig. 1 . Dye-conjugated albumin was sterile filtered and warmed to 37°C prior to use. Rats were injected with 400 µls and mice with 200 µls of the dye-conjugated albumin solution based on protocols found to be successful in our laboratory. Edema was initiated immediately following injection using test agents. All mice/rats were shaved prior to data collection to eliminate hair absorption defects.
Signal Collection
The severity of leak was assessed qualitatively using digital photographs and postprocessing image analysis techniques, and assessed quantitatively using a fiber optic array diffuse reflectance probe. In the case of image analysis, digital photographs were taken under standard lighting at multiple time points following leak initiation. In addition to the raw image, "color normalized" images were constructed by calculating the ratio of blue channel intensity to red channel intensity at each pixel location, highlighting changes in relative channel intensity over uniform biasing of light intensity. False coloring is then applied to these images with boundaries around the minimum and maximum dye leak intensity to further highlight leak spots. Quantitative estimation based on these digital images was not performed, as this has been previously studied; 16 rather, images are presented purely as supporting evidence showing leak sites and relative intensities of dye absorption at each site in each animal.
The fiber probe used for data collection is a commercially available construct-a metal ferrule with six 200-mm glass fibers oriented in a hexagonal pattern around a single 200-mm collection fiber manufactured by Ocean Optics ͑Dunedin, Florida͒. In this case, the ferrule was placed directly in contact with the animal and therefore no collimation optics were required. A high bandwidth white LED with emission spectra ranging from 430 to 730 nm was used for illumination along the six irradiation fibers, and collection fiber was affixed to a miniature static grating spectrometer with optical resolution of ϳ2 nm and operating range of 200 to 900 nm ͑USB4000, Ocean Optics, Dunedin, Florida͒. A photograph of data collection is shown in Fig. 2 . Signal integration time ranged from 300 to 500 ms, dependent on skin pigment of the animal, with a white LED source broadband output optical power of 50 mW.
Data Processing and Leak Metric
Following injection of Evans blue and prior to introduction of a vascular leak promoter, a reflectance spectrum was collected from the physiological site of interest to remove baseline skin absorption characteristics. Spectra collected from leak-elicited sites were then postprocessed in multiple steps. First, skin spectra from leak spots were divided by baseline spectra to remove contributions from both skin background and LED emission. Next, skin spectra were normalized to the intensity at one spectral point ͑ norm = 725 nm͒ to eliminate overall biasing of signals. This biasing is due to small fluctuations in probe orientation, causing shifts in the overall amount of light introduced to the tissue. The normalization point of 725 nm was selected as a point outside the strong dye absorption regions to scale spectra to a uniform level. Lastly, a linear fit was applied from two spectral points at the periphery of the Evans blue absorption spectra, specifically at 1 = 450 nm and 2 = 725 nm. This line was then subtracted from the spectra to eliminate any contributions to the spectral signatures attributed to oxy-/deoxyhemoglobin absorption and heterogeneity in the optical absorption. Removal of this fit line isolates the depth of the Evans blue absorption peak independently from any broad spectral variations in background absorption profiles from spot to spot on an individual animal. Following postprocessing, the absolute value of the intensity of Evans blue peak absorption at max = 620 nm is defined as the artificial quantitative leak metric and is given in arbitrary units where increasing values correspond to increasing leak intensity.
Specifically regarding the scattering effects in skin, increasing the amount of vascular leakage and subsequently edema has the effect of increasing the scattering coefficients in the skin. The subsequent decrease in penetration depth as a result of increased scattering has the effect of decreasing absorption attributed to Evans blue dye, as well as distorting signals from frequency-dependent shift in scattering coefficients. The penetration depth variation with scattering coefficients has the effect of creating a system in which reflectance is nonlinear with dye concentration. The nonlinear relationship between reflectance and dye concentration is not studied in this disclosure, but will be explored in further studies in conjunction with tissue extraction correlating in vitro dye leak concentration estimation with in vivo measurements. With respect to signal distortion, the linear fit at the periphery of albumin dye absorption rejects much of the distortion and allows leak metric to focus primarily on signal variation attributed to dye.
Results
Control experiments and three sets of evaluation experiments were conducted to validate the operation of the probe, two on mice and one on rats. Identical data collection techniques were applied in all studies.
Controls for Pressure and Spatial Leak Variability
Two relevant parameters to consider regarding the reliability and repeatability of fiber probe data collection are the effects of spatial variability at the vascular leak site, and variability in reflectance spectra with changing pressure of the probe on the skin. Both factors were examined prior to additional investigation.
Vascular leak was introduced to a dye-injected mouse using a topical application of 1% mustard oil on the torso along with topical application of acetone as a vehicle control. Mustard oil, a chemical irritant, is a potent inducer of neurogenic inflammation and vascular permeability when applied topically, although the mechanism by which it causes vascular leak has not been fully elucidated. 20 Pressure variation was quantified by collecting multiple spectra in succession starting with the probe gently resting on the leak spot with an approximate force of 100 mN and subsequently increasing the pressure to approximately 1 N using masses clamped to the optical probe. This was performed on three different spatial locations of the mustard oil treatment site ͑two at the central location, one at the periphery͒ and one location on the acetone treatment site. As shown in Fig. 3͑a͒ , the intensity of the leak spot and leak metric is highly uniform with pressure for all three mustard oil treatment sites with standard deviation ͑SD͒ Ͻ3% of mean leak metric in all three sites, and SD of all three sites within 1% of the maximum leak metric in the respective site. As this result shows, this data collection method likely does not require additional controls for pressure variability between probe and tissue.
Spatial probe positioning was observed to add more variability in the quantification of leak than pressure variation. An order of magnitude assessment of spatial variation in a vascular leak spot was obtained using the same mustard oil treatment and scanning multiple points in succession along one dimension across the spot. A plot of the leak metric versus arbitrary spatial position while physically translating across a mustard oil leak site is shown in Fig. 3͑b͒ . Spatial variability in dye peak depth and subsequent leak metric is of significance; in this case, the SD is 7% across the center of the mustard oil treatment site and increasing significantly at the periphery. This may be a result of dye diffusion in subcutaneous and cutaneous tissue layers, blood vessel positioning, injection variability, or any number of other effects. The analytical result of this fluctuation will be noise introduction to curves tracking the vascular leak metric as a function of time. Spatial fluctuations can be removed by either fixing the probe over the leak spot to reduce spatial variation with each time sampling point, or applying an averaging filter to create a function representative of the average time course leak across the spot. The latter method is employed here, as a scanning average filter is applied to the time course functions generated in the following experiments to smooth the noise generated through spatial variability, and to obtain a more accurate representation of physiological phenomena.
Topical Mustard Oil and Acetone in Mice
Vascular leak was initiated by topical application of 1% mustard oil to one ear and one spot on the body of a mouse. An acetone control was applied in the contralateral ear and a separate spot on the body. Background spectra were collected prior to topical application but following introduction of dye to blood stream, and spectra were collected at 5-min intervals for 60 min. A plot of the postprocessed spectra at 0 and 60 min are shown in Figs. 4͑a͒ and 4͑b͒ , respectively. Note that as a result of the postprocessing applied to the signals, the intensity of each reflectance spectra is in arbitrary units ͑not absorption units or percent transmission͒, where decreasing intensity corresponds to decreased reflected intensity. These spectra show the anticipated increase in Evans blue absorption from 0 to 60 min for both the ear and body treatment compared with spectra from acetone. Additionally, in both the mustard oil and acetone ear treatments at times 0 and 60 min, absorption signatures from hemoglobin ͑double peak around 550 nm͒ are observed as a result of the proximity of blood vessels to the skin surface. However, background subtraction and postprocess fitting remove most of the contamination of pure albumin dye signals, and the spectral absorption of hemoglobin does not significantly overlap the Evans blue dye peak absorption at 620 nm.
The time progression of the mustard oil leak is plotted in Fig. 4͑c͒ , showing the expected increase in leak metric for mustard oil in the ear and body compared to acetone. As anticipated, more leak is observed in the body as a result of a higher vascular density responding to the irritation stimulus. The results of this experiment were representative of two additional mice examined with this same mustard oil and acetone topical treatment. A raw digital image of the mouse analyzed in Fig. 4 is shown in Fig. 5͑a͒ , and a color normalized image is shown in Fig. 5͑b͒ , calculated as discussed in Sec. 2.2.
Subcutaneous Vascular Endothelial Growth Factor and Saline in Mice
Subdermal injections were subsequently examined using the same probe configuration. Mouse vascular endothelial growth factor ͑mVEGF, BioSource, Camarillo, California͒ was used as the agent in this study. Explicitly, vascular endothelial growth factor was investigated as a well-known mediator of vascular leak, and saline was used as a control to observe leak effects of the injection itself. Subcutaneous injections of 100 µL of VEGF at 10 mg/mL and 100 µL of saline were introduced in three separate animals. Postprocessing steps were applied to data and the leak metric plotted versus time for at least 40 min in 5-min intervals for three mice, denoted mice 1, 2, and 3 and shown in Figs. 6͑a͒-6͑c͒ . The increase in dye absorption at the VEGF treatment site was observed as the maximum effect in all three mice, while saline was observed to have comparatively less absorption effects. In all three animals, the time course progression of the leak is roughly that of an inverse exponential, showing that the majority of leak occurs at the early stages of injection and Fig. 3 ͑a͒ Plot of the quantitative leak metric as a function of the approximate force of probe pressed against skin on an acetone treatment site, the periphery of a mustard oil treatment site, and the two positions at the center of a mustard oil treatment site. ͑b͒ Plot of the leak metric as a function of arbitrary spatial position as the probe is physically translated across the spot showing the spatial heterogeneity of vascular leak. Fig. 4 Normalized diffuse reflectance spectra of mustard oil ͑MO͒ and acetone ͑A͒ treatment sites at the ear ͑MOE/AE͒ and on the body ͑MOB/AB͒ of a mouse at ͑a͒ time = 0 min, and ͑b͒ after 60-min elapsed time. ͑c͒ Leak metric as a function of time for mustard oil and saline on the ear and skin. Note the appearance of hemoglobin absorption spectra in ear measurements as blood vessels are proximal to surface and tissue is highly transparent. continues for as much as 50 min after the initial irritation. The maximum leak metric showed high variability in its maximum value ͑SDϷ60% of mean leak metric in this small set͒, particularly in the case of mouse 1 with respect to the other two mice, indicating that the quantitative amount of leak can vary significantly from subject to subject with uniform treatments. This variability in the amount of VEGF leak between three mice can be a result of numerous factors, including the depth of injection, age, and weight of an animal, and localization of vasculature. However, the focus here is on the ability to quantify the leak, not to ascertain the underlying mechanisms of intrasubject leak variability.
Color normalized images of mice 1 and 2 at the time point of maximum leak metric are shown in Figs. 7͑a͒ and 7͑b͒ , respectively. This image again shows an approximation, using false color, of the intradermal injection sites and an estimate of leak intensity ͑the third spot is an undisclosed investigational protein also injected intradermally͒. It is emphasized that these images are rough quantitative measures of leak; however, these images show what is expected: a significantly increased leak intensity for mouse 1 versus mouse 2, as observed in spectral analysis shown in Fig. 6 .
Subcutaneous Vascular Endothelial Growth Factor and Saline in Rats
It was found that the greater thickness of rat skin as compared to mice permits intradermal injections that produce a more spatially homogeneous dye spot; therefore, rats were investigated in a similar experiment to the mouse VEGF/saline experiment. Of two rats included in data analysis, one received subcutaneous injections of 100 µL of mouse VEGF at 10 mg/mL and saline. The second rat received subcutane-ous injections of 100 µL of rat VEGF ͑BioSource, Camarillo, California͒ at 10 mg/ml and saline. The two different VEGF species were used to investigate intentional differences in leak promotion efficiency. Data were again collected at 5-min increments for 60 min in each animal with postprocessing applied. The processed reflection spectra at a time of 60 min for rats 1 and 2 are shown in Figs. 8͑a͒ and 8͑b͒ , respectively, while the resulting leak metric is plotted as a function of time for both rats in Figs. 8͑c͒ and 8͑d͒, respectively. The leak metric versus time plots show that in the same dosage, recombinant rat VEGF is shown to induce significantly more leak, approximately four times greater than the mouse VEGF. Saline in both cases again had a negligible effect in these animals. In the case of the mouse VEGF, the leak induced in a rat by the VEGF intended for another species had leak of minimal significance above that of the saline spot. Color-corrected images were more difficult to construct in rats because of the stronger skin pigment distorting the color channels, such that the spots are not clearly visible, and as such, the data are not pictured here.
Discussion
The target goal of this study was to identify the suitability of a noninvasive method in quantifying vascular leak. These proof of principle results validate the ability to create a vascular leak metric correlated with leak intensity. This technique has the advantage that it may be performed in real time to assess not only the intensity of leak, but also the kinetics of permeability change, highlighting the most significant effects of potential leak promoters and inhibitors in pharmacological Leak metric as a function of time for subcutaneous injections of VEGF and saline in ͑a͒ mouse 1, ͑b͒ mouse 2, and ͑c͒ mouse 3. Note that a negative leak metric results from small difference in skin absorption properties relative to background normal skin spectra, translating to a negative value when the two are ratioed and creating this artifact. analysis. This technique can be performed with standard spectrophotometry equipment and relatively standard fiber optic sampling probes.
It was noted that spatial variability in leak due to diffusion of dye has an effect and needs to be controlled through data collection or noise reduction. This spatial variability is likely dependent on the diffusivity of albumin molecules in the tissue sampled, and can potentially be corrected by collection of spectra over a wider area of the leak-induced spot. The spectra can then be averaged over this wide area to better represent the quantitative degree of leak without spatial variation. While a filter was applied to the data presented here to remove some effects of spatial leak variation, a more ideal method to study the spatial properties of vascular leak would be hyperspectral imaging, which pixel by pixel resolves the intensity of albumin dye independent of skin and blood absorbers. It was also verified that the pressure of the probe on the sample has little effect on the signal, making data collection more robust.
Data shown in this disclosure indicate a repeatable increase in vascular leak metric with increasing leak intensity, and can be used to quantitatively differentiate the effectiveness of various biomolecules in changing endothelial permeability. Future studies to validate this technique require comparison of this method of leak measurement with accepted methods of tissue extraction and subsequent dye extraction from excised tissue. This is most straightforwardly performed in ear measurements, as excision is straightforward and dye can easily be removed from tissue. Additionally, a larger sample set of mice, rats, and other species need to be enrolled to further strengthen the significance of this technique for biological researchers studying immune response related to endothelial barrier function.
Changes in vascular permeability may be disease related or a consequence of new vessel growth. In vivo screening for effects of therapeutics or toxins is integral in ruling out undesired side effects or in developing new compounds designed expressly for inhibition of edema or neovessel in growth. Work shown in this report offers a new approach to assessing vascular leak in vivo, and contains the inherent advantage of repeated measures, thereby maximizing the information that may be obtained from each experimental animal. This technique can be an easily implemented method in future immunology studies.
